ABSTRACT The distribution of Aedes aegypti (L.) in Australia is currently restricted to northern Queensland, but it has been more extensive in the past. In this study, we evaluate the genetic structure of Ae. aegypti populations in Australia and Vietnam and consider genetic differentiation between mosquitoes from these areas and those from a population in Thailand. Six microsatellites and two exon primed intron crossing markers were used to assess isolation by distance across all populations and also within the Australian sample. Investigations of founder effects, amount of molecular variation between and within regions and comparison of F ST values among Australian and Vietnamese populations were made to assess the scale of movement of Ae. aegypti. Genetic control methods are under development for mosquito vector populations including the dengue vector Ae. aegypti. The success of these control methods will depend on the population structure of the target species including population size and rates of movement among populations. Releases of modiÞed mosquitoes could target local populations that show a high degree of isolation from surrounding populations, potentially allowing new variants to become established in one region with eventual dispersal to other regions.
New methods of controlling mosquito-borne diseases are being developed and include genetic manipulation to alter the transmission of mosquito-borne pathogens (James 2005) . Attempts to modify transmission of the dengue virus in the vectors, Aedes aegypti (L.) and Aedes albopictus (Skuse) are being made. Transgenic Ae. aegypti with reduced vector competence for DENV-2 viruses have been developed using RNA interference techniques (Franz et al. 2006) . Ae. aegypti also is being engineered to contain repressible dominant lethal genes for use in areawide population control based on the sterile insect technique (Yakob et al. 2008 ).
In another approach, the widely distributed insect endosymbiont Wolbachia is being used to modify Aedes species. So far, Wolbachia has been introduced into both Ae. aegypti and Ae. albopictus (Xi et al. 2005 , Ruang-areerate and Kittayapong 2006 , Xi et al. 2006 and establishment of life span-reducing strains of Wolbachia that were originally isolated from Drosophila (Sinkins and Gould 2006 ) is being attempted. Life span-reducing strains of Wolbachia are expected to decrease transmission of dengue, which only occurs in older females (Watts et al. 1987 , Cook et al. 2006 .
The success of Wolbachia-based control measures will depend on the size of the target population as well as levels of immigration of local mosquitoes. Therefore, it is critical that estimates of population structure are obtained in areas where releases are planned. Studies on the population structure of target mosquitoes including Ae. aegypti have been made, initially, to determine the appropriate size of the insecticide treatment area around dengue fever cases (Mousson et al. 2002) , but they are now being intensiÞed to address the requirements of new control methods for mosquitoes.
Initial studies of population structure of Ae. aegypti used allozymes (Pashley and Rai 1983 , Failloux et al. 1995 , DinardoMiranda and Contel 1996 . There are also a few studies in which ampliÞed fragment length polymorphism markers are used (Ravel et al. 2001 , Paupy et al. 2004a , Merrill et al. 2005 ) and a mitochondrial DNA study of Ae. aegypti in Thailand (Bosio et al. 2005) . A set of microsatellite markers for Ae. aegypti was initially isolated by Huber et al. (2001) and used (sometimes in conjunction with isoenzymes) to demonstrate genetic differences among populations in Vietnam (Huber et al. 2002a,b) and other countries in Southeast Asia (Huber et al. 2004 ). However, a need for a larger set of robust microsatellite loci was identiÞed and two other sets of microsatellite primers have been isolated but not yet used in extensive population surveys (Chambers et al. 2007 , Slotman et al. 2007 ). These other sets of markers should provide an extensive resource for population genetic surveys.
Low rates of movement are expected in populations of Ae. aegypti because this species has a very close association with humans and shelters in indoor habitats (Reiter 2007) . Some local dispersal occurs as females seek a bloodmeal and as they engage in "skip oviposition" (Reiter 2007 )Ñ distributing a small number of eggs among many containers. SigniÞcant genetic differentiation at the local scale in Cambodian populations of Ae. aegypti detected by both microsatellites and allozymes (Paupy et al. 2003 (Paupy et al. , 2004a is evidence of low rates of movement in this species. Genetic differentiation over a few kilometers was identiÞed in North Cameroon (Paupy et al. 2008) . Longer distance movement, although not as common, also can take place. It is thought to be the cause of genetic similarity between populations of Ae. aegypti that are separated by hundreds of kilometers, as occurs in Ho Chi Minh City and Phnom Penh (Huber et al. 2004 ). Long-distance movement probably arises by translocation of desiccation resistant mosquito eggs, aquatic stages, or both in containers moved by humans.
Here, we examine the population genetic structure of Ae. aegypti in Australia to determine the degree of isolation of populations and also to compare variability in Australian samples with those from Vietnam and Thailand. Ae. aegypti probably arrived in Australia during the mid-nineteenth century. Currently, it maintains a stronghold in Queensland with southern and western limits to its distribution, although it was more widely distributed in the past (OÕGower 1956) . It is currently present year-round in urban areas of northern Queensland, Australia (Sinclair 1992) . Outbreaks of dengue fever have occurred regularly in northern Queensland since 1990 (Ritchie et al. 2004 , Hanna et al. 2006 .
After evaluation of the available microsatellite markers, we chose to use those markers that showed optimal performance under conditions in our laboratory. The Þnal selection of markers was made from those of Chambers et al. (2007) and Slotman et al. (2007) , and we also isolated three new markers from the Ae. aegypti genome (http://aaegypti.vectorbase. org), namely, another microsatellite marker and two exon primed intron crossing (EPIC) markers. EPIC markers (Exon-Primed Intron Crossing markers) ßank the coding regions of single copy genes and are used for detection of polymorphisms across noncoding regions. This is the Þrst study to use EPIC markers in mosquito population work although they have now been applied successfully to investigate population structure in some other insects (He and Haymer 1997, Mun et al. 2003) . Implications of the results are discussed in light of attempts to introduce new control options for mosquitoes to suppress transmission of pathogens.
Materials and Methods
Mosquito Collections. Ae. aegypti were sampled from 12 locations in far north Queensland in Australia. These locations were made up of three inland and nine coastal locations, including two suburbs (Parramatta Park and Machans Beach) within Cairns (Table 1; Fig.  1 ). The greatest distance between Australian sample locations was 441 km between Charters Towers and Mossman.
The inland sites were located in the dry tropics of north Queensland, with annual precipitation ranging from 600 to 900 mm and daily minimal/maximal temperatures of Ϸ17Ð31ЊC; annual rainfall in the wet tropics sites ranges from 2,000 to 4,500 mm, with average daily minimal/maximal temperature of 19 Ð29ЊC (data from Australian Bureau of Meteorology). Mosquitoes were sampled during the wet season, from March to May 2006. Samples were collected using BG-Sentinel traps (run with or without dry-ice) , ovitraps (Ritchie et al. 2004) , or by pipetting larvae from ßooded containers. Attempts were made to collect at least 50 live individuals per location. To were killed by freezing at Ϫ20ЊC, identiÞed to species, and then stored in absolute ethanol at Ϫ60ЊC until processed. A sample of adult Ae. aegypti was taken from Plaeng Yao District, Chachoengsao Province, Thailand, from inside houses by using mechanical aspirators.
Genetic Markers. Eight genetic markers were used to screen for variation in populations of Ae. aegypti (Table 1) . One microsatellite marker (Gyp8) and two ribosomal protein EPIC markers (Rps20b and RpL30a) were developed for this study. The ribosomal protein markers were developed by identifying proteins from the unannotated genomic sequence of Ae. aegypti and developing primers for those sequences that had an intron that was within Ϸ300 bp of exons. Rps20b (78148872 gb AAGE02016649.1 Aedes aegypti strain Liverpool cont1.16649, whole genome shotgun sequence) spans position 681Ð930. RpL30a (78157656 gb AAGE02008136.1 Aedes aegypti strain Liverpool cont1.8136) spans position 271Ð 468. The Gyp8 microsatellite marker also was developed from sequences taken from the unannotated genomic sequence of Ae. aegypti (contig 1.12955, GenBank accession 78152577, position 29289 Ð29470). A further two microsatellite loci developed by Slotman et al. (2007) (AC1 and AG5) and three loci developed by Chambers et al. (2007) (BbA10, BbH08, and BbB07) also were used to screen samples.
AmpliÞcation of microsatellites by polymerase chain reaction (PCR) took place in a volume of 10 l with 2 l of genomic DNA extracted using either a cetyltrimethylammonium bromide/chloroform method (Weeks et al. 2002) or a Chelex 100 Resin (Bio-Rad Laboratories, Hercules, CA) method (Endersby et al. 2005) . Primer concentrations of 0.03 M (forward primer end labeled with [␥ 33 -P]ATP), 0.1 M (unla- beled forward primer), and 0.4 M (reverse primer) were used. The reaction mix contained 2.0 mM MgCl 2 , 0.1 mM dNTPs, 0.5 mg/ml puriÞed bovine serum albumin (New England Biolabs, Ipswich, MA), 1 l of 10ϫ PCR ampliÞcation buffer, and 0.4 U of Taq polymerase (New England Biolabs). PCR cycling conditions were as follows: AC1, AG5: denaturation (10 min, 94ЊC), 35 cycles of 94ЊC (30 s), annealing (30 s) 55ЊC and extension at 72ЊC (30 s), with Þnal extension at 72ЊC (5 min); BbA10, BbH08, BbB07: denaturation (5 min, 94ЊC), 30 cycles of 94ЊC (1 min), annealing (1 min) at 60ЊC and extension at 72ЊC (2 min), with Þnal extension at 72ЊC (10 min); and Rps20b, Rpl30a, Gyp8: denaturation (5 min, 94ЊC), 35 cycles of 94ЊC (30 s), annealing (30 s) at 58ЊC and extension at 72ЊC (45 s), with Þnal extension at 72ЊC (5 min). Fragments derived from PCR were separated through 5% denaturing polyacrylamide gels at 65 W for 2.5Ð3.5 h and exposed for Ͼ12 h to autoradiographic Þlm.
Analysis. The following basic statistics were calculated for the genetic marker data using FSTAT, version 2.9.3 (Goudet 1995) : allelic richness per population averaged over loci, Weir and CockerhamÕs measure of F IS , a global estimate of F ST (with 95% conÞdence limits) (Weir and Cockerham 1984) ; population pairwise measures of F ST and their signiÞcance determined using permutations; and pairs of loci tested for linkage disequilibrium using a log-likelihood ratio test. Measures of F ST over all loci were used to estimate the level of gene ßow among populations following the formula Nm ϭ 1/4 (1/F ST Ϫ 1) (Slatkin and Barton 1989) , where N is the effective population size (the number of individuals contributing to the next generation) and m is the migration rate.
Estimates of observed (H O ) and expected (H E ) heterozygosity were determined using Genetic Data Analysis (GDA) (Lewis and Zaykin 2001) and deviations from HardyÐWeinberg (HW) equilibrium were tested using Genepop, version 3.4 (Raymond and Rousset 1995) . Regression and Mantel tests of SlatkinÕs linearized F ST transformation [F ST /(1 Ϫ F ST )] (Rousset 1997), with the natural log of geographical distance were calculated using PopTools, version 2.6 (Hood 2002) . SigniÞcance of Mantel tests was determined by permutation (10,000 randomizations).
An analysis of molecular variation (AMOVA) was performed in Arlequin, version 3.11 (Schneider et al. 2000) by using pairwise F ST as the distance measure, with 10,000 permutations and missing data for loci set at 10%. The model for analysis partitioned variation among regions (Australia, Thailand, and Vietnam), among populations within regions, and within populations. A factorial correspondence analysis was used to summarize patterns of genetic differentiation between the populations sampled (Genetix, version 4.03) (Belkhir et al. 2004) . We plotted the Þrst two underlying factors that explain the majority of the variation in the multilocus genotypes.
A Bayesian analysis to estimate the number of populations within the sample data was made using STRUCTURE, version 2 (Pritchard et al. 2000) . A burn-in length of 100,000 was chosen followed by 500,000 iterations and the simulation was run using the admixture model with allele frequencies correlated among populations. The number of populations within the data (K) is estimated by checking the Þt of the model for a range of K values. The data consisted of nineteen samples so K values of 1Ð19 were tested with three runs for each value of K. We used the method of Evanno et al. (2005) to estimate the true K.
We used two indirect methods to estimate N e for all populations in this study. The Þrst method calculates the effective population size as N e ϭ H E /4(1 Ϫ H E ) and follows the assumptions of the InÞnite Alleles model (IAM) of evolution (Kimura and Crow 1964) . The second method is based on the stepwise mutation model (SMM) (Ohta and Kimura 1973) and calculates the effective population size as N e ϭ [(1/(1 Ϫ H E ) 2 ) Ϫ 1]/8. The methods are based on models for the evolution of microsatellite loci, and we therefore only used data from the six microsatellite loci.
Results
Genetic Markers. Seventy alleles in total were found for the eight genetic markers. The highest number of alleles was found for the microsatellite locus BbB07 (18; Table 2 ). The EPIC marker RpL30a had the lowest number of alleles (three), whereas the other EPIC marker (RpS20b) showed similar numbers of alleles to the other microsatellite loci. Allelic richness averaged over loci was highest in the samples from Vietnam (Table 3) , and the Australian samples consistently had lower numbers of alleles at each locus (Table 4 ). The majority of the variation in the microsatellite loci was explained by variation within populations (90.9%; P Ͻ 0.001), whereas variation between regions (Australia, Thailand, and Vietnam) explained 5.4% (P Ͻ 0.001) of the variation and populations within regions explained 3.7% (P Ͻ 0.001). Population pairwise comparisons of F ST revealed only 20 nonsigniÞcant comparisons out of 171 (Table 5 ). The Thailand and Vietnam populations were differentiated from all Australian populations; however, the Vietnamese populations showed the least differentiation among themselves with 12 of 15 comparisons for the six populations being nonsigniÞcant.
The Þrst three axes in the factorial correspondence analysis at the population level explained 32.4, 10.7, and 9.1% of the variation. The Þrst two axes are plotted in Fig. 2 . Samples from Thailand and Vietnam showed a higher amount of genetic variation than samples from Australia, which seemed more discrete. The Australian samples are clearly differentiated from the Vietnam and Thailand samples, whereas the Vietnam and Thailand samples also seem to be differentiated. STRUCTURE analysis, using the method of Evanno et al. (2005) , also indicated that the number of populations within our data set was three (data not shown). However, in the STRUCTURE analysis, samples from Australia were a mixture of two populations, whereas samples from Vietnam and Thailand largely represented one population.
Isolation by Distance. There was a signiÞcant correlation between genetic distance and geographic distance with the Mantel test showing a strong relationship between SlatkinÕs linearized F ST and the natural log of geographic distance (Mantel r ϭ 0.662, P Ͻ 0.001). Linear regression showed this relationship to be positive ( Fig. 3a; R 2 ϭ 0.422, F ϭ 123.462, P Ͻ 0.001). Within the Australian samples, there was also a positive correlation between genetic and geographic distance, although this relationship was somewhat weaker ( Fig. 3b; Mantel r ϭ 0.371, P ϭ 0.026; R 2 ϭ 0.208, F ϭ 16.806, P Ͻ 0.001).
Effective Population Size and Migration Rate. We used two indirect methods to calculate the effective population size based on marker heterozygosity and mutation rate. The effective population size did not differ greatly between populations using these methods and was generally quite high (Table 3) . If we assume a mutation rate of 6.3 ϫ 10 Ϫ6 (Schug et al. 1997) , then Chillagoe in northern Queensland had the lowest population size estimate (IAM ϭ 45051, SMM ϭ 53229) and Thanh, Phu Dong, in southern Vietnam had the highest population estimate (IAM ϭ 102077, SMM ϭ 168672).
Estimates of Nm were generally low between populations with an overall estimate of 3.37 (95% CIs, 2.69 Ð 4.29). The lowest Nm was 1.65 and found be- 
Discussion
Screening with microsatellite and EPIC markers has identiÞed that there is population structure within Ae. aegypti in Australia and in Vietnam. F ST values among Australian populations vary signiÞcantly and an AMOVA indicates that signiÞcant variation (3.7%) exists between populations within regions. Linearized F ST values (Slatkin 1995) also show isolation by geographic distance to some extent although this relationship is relatively weak. This weaker relationship is highlighted by some disjunct population structure in which widely spaced samples are not differentiated genetically (e.g., Townsville and Machans Beach, Townsville and Mossman, Tully and Mossman). This could reßect the translocation of mosquito eggs and aquatic stages in containers as a result of human travel throughout the region. Inland populations are, however, separated clearly from those on the coast (e.g., Chillagoe and Charters Towers). The F ST values are consistent with those obtained by other researchers working with microsatellites and allozymes in Ae. aegypti (Paupy et al. 2004b (Paupy et al. , 2008 .
Ae. aegypti shows greater allelic variation in Vietnam than in Australia and, although not signiÞcant, tends to have a higher number of alleles than the Thailand sample at each locus. Previous studies of Ae. aegypti in Vietnam showed lower levels of genetic differentiation in the wet season compared with the dry (Huber et al. 2002b ). The collections from Vietnam analyzed in our study were all made during the wet season and few pairwise comparisons showed genetic differentiation. However, the samples of Huber et al. (2002b) were taken from Ho Chi Minh City and surrounding districts, whereas those of the current study were taken in north, south and central Vietnam so further comparisons cannot be made. The AMOVA showed highly signiÞcant variation at the regional level, differentiating populations from Vietnam, Australia and Thailand. This variation is best shown by the correspondence analysis (Fig. 2) , in which populations from each region seem separate. Therefore, it is likely that very limited movement occurs between these regions. Allelic richness was lower in Australia compared with Vietnam and possibly Thailand. Further samples would need to be taken from Thailand and other parts of Asia to conÞrm whether variation in allelic richness is lower in Australia, but the data suggest that Ae. aegypti may have gone through a bottleneck during colonization of Australia.
These data are consistent with observations of movement patterns of Ae. aegypti that suggest limited directional movement of 100 m within 8 d in Queensland (Russell et al. 2005) . The domestic form of Ae. aegypti is closely associated with human habitation and, in Asia and the South PaciÞc, is not found in sylvan habitats because it may have difÞculty crossing uninhabited areas (MacielDe-Freitas et al. 2006) . Ae. aegypti also has limited resistance to some climatic stresses that can further limit movement (Kearney et al. 2009 ).
The similar genetic constitution of disparate populations (like Mossman/ Townsville in Queensland and Ha Nam/Vinh Long in Vietnam) may be a consequence of human assisted movement. Recently, an incursion of Ae. aegypti occurred in isolated Tennant Creek in the Northern Territory and was attributed to human introduction. However, the presence of population genetic structure suggests that this form of movement is limited. Estimates of Nm between populations varied, but in most instances were low and indicated that generally only a small fraction of a local population consisted of migrants.
We also obtained some long-term indirect estimates of N e from the microsatellite data. With a mutation rate of 6.3 ϫ 10 Ϫ6 (Schug et al. 1997) , these varied from 45051 to 102077 for the inÞnite alleles model (Kimura and Crow 1964) and from 53229 to 168671 for the stepwise mutation model (Ohta and Kimura 1973) . These estimates will generally have large conÞdence intervals and could be an order of magnitude greater, depending on the mutation rate. Here, we used the Drosophila microsatellite mutation rate (Schug et al. 1997) , however, to obtain more accurate short-term estimates of N e , temporal sampling spanning numerous Þeld generations is required (Waples 1989) .
The EPIC markers proved useful in detecting population genetic structure in Ae. aegypti. The markers were in HardyÐWeinberg equilibrium suggesting that they reßect population processes rather than strong selection. The mean F ST for these markers among populations was similar to that estimated for the microsatellites (0.073), although mean allele number was somewhat lower. The advantage of these markers is that they are unlikely to suffer from null alleles and can be isolated from genomic studies or expressed sequence tag libraries. EPIC markers are becoming more popular for use in population genetic studies in insects (Berrebi et al. 2006 , Atarhouch et al. 2007 , Rolland et al. 2007 ) and do not require assumptions about a particular model of evolution that is often required for microsatellites.
The data have several implications for novel control options when introducing mosquitoes into populations. Under several envisaged scenarios, new mosquito variants need to be established at a threshold exceeding an unstable equilibrium point (Turelli and Hoffmann 1999 , Sinkins and Gould 2006 , Huang et al. 2007 . Once this point is exceeded, the new variants will spread close to Þxation. For instance, in the mechanism involving Wolbachia, with nonoverlapping generations and no age structure, the unstable point for a Wolbachia variant is Ϸ20% depending on the rate of maternal transmission, Þtness costs associated with the infection and incompatibility levels induced by Wolbachia (Turelli and Hoffmann 1999) . Substantial numbers of new variants would be needed for this strategy to be successful, although there also might be other options such as decreasing numbers of the target population through pesticide applications, dry season targeting, or source reduction programs to remove desiccation resistant eggs, before establishing new variants.
